 Ionizing EUV flux increased by 170% at the flare peak, causing changes in the observed (>150 km) plasma density, temperature and composition.
Introduction
Solar flares are the result of the rapid conversion of magnetic energy to kinetic energy in the solar corona, producing emissions from hot loops of plasma. Many of these emissions originate from atomic line transitions at extreme ultraviolet (EUV, 10-120 nm) wavelengths, and thermal bremsstrahlung at soft x-ray (SXR, 0.1-10 nm) wavelengths. Flares have spatial scales comparable to those of sunspots; and are short-lived, typically lasting tens of minutes. Flares are classified by their irradiance (incident power per area) in the 0.1-0.8 nm range as Common (C), Moderate (M) and Extreme (X), with historical occurrence rates of 1367 yr -1 , 195 yr -1 and 14 yr -1 , respectively [Veronig et al., 2002] .
At Mars, flare irradiance ionizes and heats the upper atmosphere [Gurnett et al., 2005; Thiemann et al., 2015] , similar to what occurs at Earth [Donnelly, 1967; Qian et al., 2011] . Flare irradiance initially affects the ionosphere by increasing the photoionization rate, with the largest increase occurring near ~100 km, where highly energetic photoelectrons subsequently further ionize the atmosphere through impact ionization [Lollo et al., 2012; Peterson et al., 2016] . The ionospheric plasma density enhancement generally tracks the flare ionizing irradiance enhancement [Mendillo et al., 1974] . The added energy is then transferred from the plasma to the neutral constituents through a series of collisions and chemical reactions [Fox and Dalgarno, 1979] , resulting in heating and subsequent expansion of the neutral atmosphere. The time-response of the neutral atmosphere is somewhat delayed and more long-lived than that of the ionosphere, a result of the neutral atmosphere's non-negligible heat capacity .
The electron density structure of the Martian ionosphere is similar to that of Earth [e.g. Witasse et al., 2008] . There is a peak in electron density (ne) corresponding with the altitude of peak EUV irradiance absorption near ~125 km (termed the M2 layer and similar to Earth's F region ), and a shoulder near ~100 km corresponding with the altitude of peak SXR absorption (termed the M1 layer and similar to Earth's E region). Although CO2 is the major neutral species in the Mars atmosphere below ~220-230 km, the major ion species is O2 + because CO2 + rapidly reacts with other species according to the three following reactions [Kumar and Hunten, 1974; Fox and Dalgarno, 1979] : where hν is photon energy, e -is an electron, and reaction rates (kR) are given in R2a and R2b. Therefore, below ~220-230 km, where CO2 is the major species, O2
+ is the terminal ion species produced by photoionization, which may subsequently dissociatively recombine to form O. Additionally, increased irradiance at Far Ultraviolet (FUV) wavelengths will photodissociate CO2, primarily yielding CO and O [McElroy and McConnel; 1971] .
Because solar flares are transient, studying how the Mars atmosphere responds to them can lead to a better understanding of processes that maintain the chemical, thermal and charge structure of the Martian upper atmosphere. Additionally, because EUV irradiance variability has been implicated as a major controlling factor in atmospheric escape rates [Ergun et al., 2016; Dubinin et al., 2017; Lillis et al., 2017] , understanding how the Mars atmosphere responds to solar flares is important for understanding the evolution of the Mars atmosphere, particularly during its earliest epochs, when flaring activity of the young Sun is expected to have been substantially more prevalent [Lammer et al., 2006] .
A number of studies have investigated how the Mars upper atmosphere responds to solar flares, with much of the literature concentrating on observations from radio occultation (RO) measurements made by the Mars Global Surveyor (MGS) orbiter [Mendillo et al., 2006; Mahajan et al., 2010; Fallows et al., 2015] , which retrieved vertical ne between ~80-200 km, showing substantial enhancements of the M1 layer of the ionosphere during flares. The response of the Mars neutral atmosphere to solar flares was investigated by Thiemann et al., [2015] , who used in-situ observations from the Mars Atmosphere and Volatile EvolutioN (MAVEN) probe to show that the Mars neutral atmosphere expands quickly as the temperature increases from solar flare heating.
There have been few past modeling studies of the Mars atmosphere response to solar flares. Lollo et al., [2012] simulated MGS RO observations with some success, accurately reproducing the large ne enhancement near 110 km, but under-predicting the enhancement between ~80-100 km. Recently, Haider et al., [2016] simulated the ion production from 80 to 200 km during a solar flare, predicting a ~10-100× increases in ne and O2 + density at 200 km. The authors then predicted Integrated Electron Content (IEC) values, which were substantially larger than the MGS RO IEC measurements that they compared against.
This letter reports observations made by MAVEN of the response of the Mars upper atmosphere to a magnitude X8.2 flare. For context, this flare is the largest to occur while MAVEN has been at Mars, and the second largest known to have occurred during the current 11-year solar cycle . MAVEN observes the thermal plasma environment in-situ with the Langmuir Probe and Waves (LPW) and Neutral Gas and Ion Mass Spectrometer (NGIMS) instruments, both of which observed significant changes in the topside ionosphere as a result of this flare at MAVEN measurement altitudes (>155 km). These are the first reported observations of changes in the thermal plasma environment measured in-situ at Mars and the first-ever observations of the Martian ion response to solar flare forcing. This flare was followed by a large solar energetic particle event and interplanetary coronal mass ejection [C. Lee et al., 2018] . However, these other events arrived at Mars a number of hours or days after the flare, allowing for the results reported here to be unambiguously attributed to the flare irradiance.
This letter aims to guide the reader through the 10 September 2017 flare's impact on the Mars topside ionosphere as observed by MAVEN, beginning with solar irradiance observations, followed by model results of flare induced ionization and energy deposition, and concluding with a presentation of how the structure of the ionosphere is altered as a result of the flare. In Section 2, the observations and data reduction methods are described. MAVEN measurements of the topside ionosphere response are presented in Section 3, and the results are interpreted and discussed in Section 4, which includes a simulation of how photochemical escape was impacted by the flare. Conclusions are stated in Section 5.
Data and Methods
Spectral irradiance estimates at Mars at 0.1 nm resolution are derived from combined observations made by the MAVEN EUV Monitor (EUVM) and Earth-based instruments. Wavelengths between 0.05 and 36 nm, except 30.4 nm, are estimated by the Synthetic Reference spectra (SynRef) spectral irradiance model [Thiemann, 2016] , which is analogous to the X-ray Photometer System (XPS; Woods et al. 1999; Level 4 spectral irradiance models , but driven by EUVM measurements using updated references spectra. Note, the SynRef flare irradiance model requires a flare plasma temperature as an input, which is provided using (Earth-based) Geostationary Operational Environmental Satellites (GOES) X-Ray Sensor (XRS) [Bornmann et al., 1996] measurements using the methods of Thomas et al., 1985 and White et al., 2005. 30 .4 nm irradiances are estimated using EUVM 121.6 nm measurements, which are scaled and offset by regression coefficients, computed from a dataset of 886 30.4 nm and 121.6 nm peakflare irradiance measurements made by the Multiple EUV Grating Spectrograph (MEGS)-A channel of the EUV Variability Experiment (EVE) [Woods et al., 2010] onboard the Solar Dynamics Observatory (SDO) and the GOES-15 EUV Spectrograph (EUVS)-E channel [Viereck et al., 2007] . The Pearson correlation coefficient between the two data-sets is 0.89 with a slope of 0.178 (30.4 nm irradiance / 121.6 nm irradiance). Flare irradiance from 36.1 to 106 nm is measured directly by the EVE MEGS-B channel, which observed the flare from Earth at 0.1 nm resolution. The routine EUVM Level 3 (L3) spectra are used above 106 nm.
The EUVM L3 spectral irradiance model is not used to estimate the 10 September 2017 flare irradiance below 106 nm because the linear relationship between flare irradiance in the 0.1-1 nm band and the 0.1-7 nm band, the latter of which is used as an input to the L3 irradiance model, is atypical for this flare. The atypical relationship was identified by comparing the ratio of the 0.1-7 nm channel of the EUV SpectroPhotometer (ESP) [Didkovsky et al., 2009] onboard SDO to the 0.1-0.8 nm channel of the GOES XRS with the expected ratio reported by Hock et al., [2013] .
The data sources for the spectral irradiance estimates described above are as follows: The EUVM SynRef model uses EUVM Level 2 (L2) Corrected Counts, Version 11, Revision 1 with GOES-15 XRS temperatures retrieved from the SolarSoft [Freeland and Handy, 1998 ] goes object. The XRS flare temperatures are scaled by 0.7 to correct for a hot temperature bias in the XRS temperature recently reported by Ryan et al., [2014] . The EUVM L2 Calibrated Irradiance, Version 11, Revision 1 is used for the 30.4 nm bin irradiance model, using regression coefficients found between the SDO EVE L2 Version 6 and the GOES-15 EUVS-E Version 4 data products. The direct MEGS-B flare irradiance measurements are from the SDO EVE L2 Version 6 data product. From 106 to 195 nm, the EUVM L3 Spectral Model, Version 11, Revision 1 is used.
Electron density and temperature (ne, Te) of the Mars ionosphere are found using insitu measurements from MAVEN LPW. LPW makes measurements of the ionosphere every orbit near periapsis, which occurs at ~4.5 hour intervals. On 10 September 2017, MAVEN periapsis occurred near 17:30 Local Solar Time and 32 o N (geographic coordinates); and the solar zenith angle varied from 65.9 o to 68.5 o during the inbound orbit segment. The 10 September 2017 flare irradiance peaked near 16:24 and the nearest post-peak in-situ ionospheric measurements occurred near 17:40 during orbit 5718. Only measurements from the in-bound periapsis orbit segment are reported here because they were made nearer to the sub-solar point, where flare induced changes are more pronounced. The data used here are from the L2 lpw.derived:data.lp.nt collection, Version 3, Revision 4. The sampling cadence is 4 seconds, which corresponds with ~1.5 km vertical resolution at 200 km. These data are smoothed with a 5-sample moving average (to reduce fine-scale variability and noise).
Number density for O2 + , CO2 + and O + are measured in-situ by the MAVEN NGIMS instrument. NGIMS made ion measurements of the ionosphere every other orbit near periapsis, at ~9 hour intervals. Serendipitously, NGIMS made ion observations during the orbit 5718 periapsis. The data used here are from the L2 Version 7, Revision 1 ion abundance data product. The sampling cadence is 2 seconds, which corresponds with ~0.7 km vertical resolution at 200 km. These data are also smoothed with a 5-sample moving average.
Ionospheric measurements are plotted versus altitude and pressure in Section 3, the latter of which must be computed independently. Here, pressure is found using MAVEN NGIMS CO2 and O measurements reported in the L2 Version 7, Revision 3 neutral abundance data product, which are measured every orbit below 500 km. Pressure at a given height is found by vertically integrating the NGIMS derived major species vertical mass column using the method described in Thiemann et al., [2018] .
Results
A time-series of ionizing 0-91 nm solar EUV irradiance (E91) is shown in Figure 1a during the 10 September 2017 flare. Prior to the flare, E91 is near 1.2 mW/m 2 . Near 16:00 UT, E91 begins to rapidly increase, reaching a value of ~3.2 mW/m 2 within ~10 minutes, where it remains for ~24 minutes, prior to beginning to decay. E91 then returns to half of its maximum value after ~36 minutes, and after 1 hour, returns to a quarter of its maximum value. The altitude at which this irradiance is absorbed depends on the irradiance spectrum and atmospheric composition. These variables are taken into account in Figures 1b-1d , which show the enhancement of the ionization rate (energy deposition rate) versus altitude in Figures  1b-1c (1d) . For each time and altitude interval, these simulations first compute the local irradiance by attenuating the topside irradiance according to extinction by the column of absorbers along the line-of-sight. Then, the photoionization (energy deposition) rate per unit volume is computed by using irradiance in units of photons/area-time (power/area) and photoionization (photo-absorption) cross-sections of the constituent gases. Static CO2 and O atmospheric profiles are used in these calculations, and are comprised of the pre-flare MAVEN periapsis observations from orbit 5717 above 155 km, and contemporaneous neutral density predictions by the Mars Global Ionosphere Thermosphere Model (MGITM) [Bougher et al., 2015] below 155 km. Atmospheric cross-sections were downloaded from the PHoto Ionization/Dissociation Rates database at http://phidrates.space.swri.edu [Huebner et al., 1992] . Figure 1b shows that the photoionization rate enhancement peaks near 110 km, and is 500% larger than the pre-flare photoionization rate. Note, the total ionization rate increase is larger than that in Figure 1c because many of the primary photoelectrons are highly energetic and further ionize the atmosphere via impact ionization [Xu et al., 2018] . Figure 1c shows the ionization rate increase of the topside ionosphere, and the maximum enhancement is briefly near ~20% at the flare peak and then sustained between ~10% and 15% for the decaying phase of the flare. The ionization increase of the topside ionosphere increases with altitude because O becomes the major species at higher altitudes, and since O cross-sections are biased to shorter wavelengths relative to CO2 cross-sections, O is more sensitive to (short wavelength dominated) flare enhancements than CO2. Figure 1d shows the enhancement of the energy deposition rate per unit volume, which peaks near ~100% at 115 km. The energy deposition enhancement extends to high altitudes, with values near 30%, and becomes more prominent in the O dominated region of the upper atmosphere. The reason for both the higher peak absorption altitude and smaller relative magnitude of the energy deposition enhancement compared to the ionization enhancement is because CO2 absorbs (non-ionizing) photons well into the FUV. However, the FUV is not as significantly enhanced during flares , and deposits energy at lower altitudes. Thus, the relative energy deposition enhancement at shorter flare wavelengths results in larger relative enhancements at higher altitudes.
Values of ne (Te) are plotted in Figures 2a and 2b (2c and 2d) versus altitude and pressure, respectively. The measurements for orbit 5718 are shown with thick red curves, and those for orbit 5719 (~4.5 hours later) are shown with salmon-colored curves. Consecutive orbits immediately preceding the flare are shown with gray curves, and the average of these is shown with a thick black curve. From Figures 1a and 1c , it is apparent that, at fixed altitude, the solar flare causes an increase in ne at all altitudes and a decrease in Te below ~225 km. At 200 km, ne increases by ~100% and Te decreases by 25% from the respective daily averages. These flare-associated effects dissipate by orbit 5719. However, when looking at these same data versus pressure, as shown in Figures 2b and 2d , the flare induced effects for orbit 5718 are within the variability of the surrounding orbits, although there is a steep temperature increase at pressures below 5 × 10 -8 Pa. Note, the rapid increase of Te and decrease of ne in orbit 5719 above 225 km are likely a result of disturbed solar wind [C. Lee et al., 2018] . NGIMS density measurements versus altitude (pressure) of O2 + , CO2 + and O + are shown in Figure 3a (3b) . ne is shown in Figure 3a for comparison. The color code is the same as in Figure 2 , except measurements were not made for orbit 5719 due to ion measurements being made on alternating orbits. Orbits 5714, 5716 and 5720 are shown with gray curves. From Figure 3a , it is apparent that densities for all three species increase by up to 100% above their average values for the measurements made immediately after the flare peak, with O2 + , CO2 + increasing at all altitudes and O + increasing above 220 km. Also, the O + density reversal occurs at lower altitudes for orbit 5718, near 305 km, while it occurs near 325 km for the average profile. Note, the discrepancy between O2 + and ne is within the mutual uncertainties of NGIMS and LPW and thus, charge neutrality is assumed to hold. From Figure 3b , there is a substantial change in the O + density profile versus pressure during Orbit 5718: The peak density increases by ~150% and the density reversal occurs at a ~50× higher pressure level, resulting in a substantial narrowing of the O + profile in both pressure and altitude coordinates. At pressures above that of the O + density reversal (>10 -8 Pa), the O2 + density for orbit 5718 follows the average profile, but at the location of the O + density reversal, the O2 + density profile diverges, resulting in a more rapid decrease with pressure for orbit 5718. The change in absolute density of the CO2 + profile during orbit 5718 is within the variability seen in other orbits, but the slope (in pressure coordinates) of the CO2 + is markedly different for orbit 5718, showing a more rapid decrease with pressure of CO2 + . Figure 3c shows the corresponding O:CO2 density versus pressure coordinates. This ratio becomes increasingly larger than average with decreasing pressure for orbit 5718 below 10 -7 Pa. 
Discussion
Elrod et al., [2018] showed that the neutral atmosphere expands significantly for orbit 5718 as a result of flare heating, which explains why some of the observed changes versus altitude in ne, Te and O2 + largely disappear when viewed versus pressure. For example, Te is markedly lower below 225 km for orbit 5718 in Figure 2c but, at fixed pressure, nearly matches its average value (above 5 × 10 -8 Pa) in Figure 2d . Taken together, these data indicate that the temperature change at fixed altitude is consistent with an inflated thermosphere shifting both the neutral and plasma density profiles upwards. Further, the steep increase in Te near 225 km corresponds with altitudes where O becomes the dominant major neutral species. As such, this feature is likely the result of thermal electron cooling by O being substantially (~98%) less efficient than that by CO2 [Schunk and Nagy, 2009] . Additionally, at 180 km, Figure 1c predicts an 11% increase in ne during orbit 5718 due to increased photoionization, whereas the measured increase was ~45%; the difference is attributed to an inflated thermosphere, with CO2 densities increasing by ~50% at 180 km. Figure 3c shows the O:CO2 density ratio increases with decreasing pressure for orbit 5718, likely a result of enhanced photodissociation, photoionization and subsequent electron impact ionization from the flare. Note that although flare spectral energy enhancements are typically largest at ionizing wavelengths, the number of photons increases more at FUV wavelengths, resulting in both ionizing and dissociative processes being important contributors to O production during flares.
Neglecting transport (a questionable approximation above ~180 km where transport becomes increasingly important with altitude) and assuming photochemical equilibrium, we can approximate from (R1)-(R2b),
where P is the photo-production rate of CO2 + . Similarly, from (R2b)-(R3), we have
It follows that nO+ ∝ nO/nCO2, while nCO2+ ∝ nCO2/nO. Therefore, enhancing the O:CO2 density ratio will enhance production of O + while suppressing production of CO2 + . Further, reducing the fraction of CO2 at fixed pressure should reduce production of O2 + by photoionization of CO2.
These observations are in general agreement with the simulations of Lollo et al., [2012] , who showed a ~5% ionization enhancement above 155 km, when considering that they did not account for the expanding neutral atmosphere. However, the simulated flare induced ion density enhancements by Haider et al., [2016] , who predicted ~10× and 100× enhancements in O2 + and CO2 + density at 200 km, are inconsistent with these observations. These observations indicate that the neutral atmosphere plays an important role in determining the structure of the topside ionosphere after solar flares, and simulations should take this into account, as is done in recent simulations by Xu et al. [2018] and Fang et al. [2018] .
Photochemical escape of O is believed to be one of the major pathways for atmospheric loss at Mars in the current epoch [Lammer et al., 2009] . It occurs through dissociative recombination of O2 + (Reaction (R4)), which can produce a "hot" O atom with sufficient velocity to escape Mars's atmosphere [Nagy and Cravens, 1988] . The likelihood for a newly formed O atom to escape at a particular altitude depends on the abundance of O2 + , the neutral column density along the (upward) trajectory and Te. Lillis et al., [2017] developed a model for photochemical escape of O, using MAVEN measurements as inputs. This model is used here to simulate O escape for all orbits in September 2017 in order to characterize the relative change in the escape rate due to the flare. These results are shown in Figure 4a and 4b, which show the O escape flux and the escaping O production rate, respectively, for September with the flare orbit indicated by red color. This simulation shows that the escape flux increases to above the 99th percentile and, hence, is unlikely to simply be the result of stochastic variability. Further, 4b shows a substantial change in the escaping O production rate altitude profile. Taken together, Figures 4a and 4b indicate the flare shifted the escaping O production significantly upward, yielding a moderate enhancement in (vertically integrated) loss. Although photochemical escape over the dayside hemisphere has minimal dependence on solar zenith angle (SZA) [Lillis et al., 2017] , care should be taken extrapolating these simulation results to global flare-induced escape rate because solar flare effects are expected to be strongly dependent on SZA [Qian et al. 2011; Y. Lee et al., 2018] . 
Summary and Conclusions
Changes in the topside ionosphere due to the 10 September 2017 flare are influenced by interactions between the charged and neutral constituents of the upper atmosphere: Initially, the solar flare ionizes the atmosphere, predominantly around 110 km, and increased FUV irradiance increases photodissociation of CO2. This results in photoelectron heating of the neutral atmosphere and increased production of O, increasing the relative O abundance. The hot expanded neutral atmosphere increases plasma density at fixed altitude via enhanced photoionization rates, while decreasing Te. The increased O/CO2 ratio with pressure changes the ion composition in the topside ionosphere, increasing the concentration of O + above ~10 -8
Pa, while decreasing both O + and O2 + at pressures below ~10 -8 Pa. Below 225 km, efficient cooling of the thermal electrons by collisions with CO2 rapidly dissipates any flare induced heating, but Te enhancements persist above 225 km, where O is the dominant species.
The following can be concluded from this study on the effect large solar flares have on the Mars ionosphere:
1. Large solar flares can have a significant impact on the density and composition of the Martian topside ionosphere even though the majority of ionization occurs at lower altitudes.
2. Plasma density enhancements at fixed altitude are sustained for over an hour after the flare peak by an inflated neutral atmosphere.
3. The enhanced relative O abundance restructures the composition and density of the topside ionosphere.
